ABSTRACT
The activity of the central nervous system can be attributed to signal transmission among its constituent cells, and Ca2+ plays an important role in signal transduction as an intracellular second messenger. One of the major pathways for the elevation of intracellular free calcium concentration ([Ca2+] Type-2 astrocytes are a recently identified cell population in the central nervous system that exhibit a characteristic morphology in vitro-namely, small cell bodies with long radial processes (8) (9) (10) . Recently, type-2 astrocytes have been shown to express glutamate receptors (11, 12) , suggesting that they are also involved in cell-to-cell communication in the central nervous system. Histamine acts as one of the signal messengers released from neurons (13) (14) (15) , and previous studies have shown that mixed cultures of type-2 and type-1 astrocytes express histamine H1 receptors (16, 17) , activation of which produces Ins(1,4,5)P3 (14) . In the present study, we examined the effects of histamine on [Ca2+], of type-2 astrocytes by fura-2-based digital imaging fluorescence microscopy (4, 5 (18, 19) , as reported previously (20) . Newborn Wistar rats were killed by decapitation. The cerebral hemispheres were collected in Joklik's modified minimum essential medium (MEM) under sterile conditions and the meninges were carefully removed using an operation microscope. The cerebral hemispheres were triturated mechanically with a pipette and then dissociated enzymatically with dispase (neutral protease, dispase grade II) solution (3 mg/ml) in Joklik's modified MEM as reported (17) . The dissociated cells in the culture medium (Eagle's MEM containing 10% fetal calf serum, 100.units of penicillin G per ml, and 60 ,ug of kanamycin per ml) were seeded in culture flasks (75 cm2) at a density of 1 x i0' cells per cm2. The cultures were incubated at 37°C in a humid atmosphere of95% air/5% C02; the medium was changed the next day and twice a week thereafter. After 2 weeks in vitro, the small process-bearing 0-2A progenitor cells (21) grown on the top of the type-i astrocyte monolayer were removed mechanically by shaking the culture flasks overnight, seeded onto glass coverslips attached to silicon walls (Heraeus Flexiperm Disc), and subcultured in the same medium containing fetal calf serum for differentiation into type-2 astrocytes (21, 22) . After 7 days, >70% of the cultured cells exhibited the characteristics of type-2 astrocytes-i.e., they were stellate cells immunoreactive to antiglial fibrillary acid protein (GFAP) and A2B5 (23) antibodies (8 (Fig. 1A) , and these "hot spots" showed oscillatory [Ca2 ]i elevations (Fig. 1B) .
Peak [Ca2+]J, of the hot spots usually reached >500 nM and sometimes >1000 nM (Fig. 1B) . The time courses of [Ca2+]J in different Ca2+ hot spots were not synchronized, indicating that each of them formed an independent compartment of Ca2+ signaling (Fig. 1B) . The hot spots were usually localized in the terminals of the processes (Fig. 2A) . However, in some cases, they were also observed in more proximal regions of long processes, and occasionally two independent hot spots occurred within a single process.
When higher concentrations (10-5-10-4 M) of histamine were added to type-2 astrocytes, the temporal pattern of
[Ca2+] elevation in the processes of most cells changed from an oscillatory pattern to a sustained one (Fig. 2B) , and [Ca2+]i elevations propagated from the processes to the cell bodies ( Fig. 2A) . About 73% of type-2 astrocytes responded to 10 (Fig. 3A) . Therefore, the relative potency of 10-4 M histamine was 145% ± 10% (Fig. 3D) . Histamine induced a dose-dependent [Ca2'J, elevation (Fig. 3D) . The H1 agonists 2-methylhistamine (10-3 M), 2-(2-thiazolyl)ethylamine (10-3 M) (Fig. 3B) , and 2-(2-pyridyl)ethylamine (10-3 M) also induced [Ca2+]J elevation. However, the H2 agonists dimaprit (10-3 M) and impromidine (10-4 M) and the H3 agonist a-methylhistamine (10-6 M) did not induce it (Fig. 3D) .
As in the agonist study, we estimated the potency of Means of H, Receptors by Producing Ins(1,4,5)P3. Accumulating reports using primary cultures of astrocytes have shown that astrocytes are potential targets for various neuroactive substances including histamine (17, 26, 27) . However, these studies have not shown clearly that type-2 astrocytes are targets for neurotransmitters, because conventional preparations of astrocytes consist of a small population of type-2 astrocytes and a large population of type-1 astrocytes (8, 21) . Recently, the existence of excitatory amino acid receptors was demonstrated on type-2 astrocytes from neonatal brains (11, 12) . In addition, the present study demon- type-2 astrocytes is mediated by histamine H1 receptors, being consistent with the previous studies in which mixed cultures of type-2 and type-1 astrocytes expressed histamine H1 receptors at high density (16, 17) .
Histamine H1 receptors are regarded to be coupled to phospholipase C, which catalyzes the formation of Ins(1,4,5)P3 and diacylglycerol (14) . We have confirmed this coupling of H1 receptors in type-2 astrocytes by demonstrating that histamine induces Ins (1,4,5 (9, 10) . Some histaminergic axons are myelinated (32) and type-2 astrocytes are mainly distributed in the white matter of the brain (8) . Therefore, the processes of type-2 astrocytes may terminate on nodes of Ranvier of axons containing histamine and other neurotransmitters in the brain. At least it is conceivable that the processes of type-2 astrocytes make contacts with some neuronal elements in the brain. If so, these processes may be important for maintaining or regulating the activities of neurons. The processes may take up and metabolize neurotransmitters (33) (34) (35) , regulate local ionic concentrations (36, 37) , or supply nutrients to neurons (38) . It is noteworthy in this respect that the endfeet ofretinal glial cells are reported to have higher densities ofion channels that mediate potassium buffering than the cell bodies have (37) . A possibility is that the activities of the processes of type-2 astrocytes are regulated by neurotransmitters released from the axons on which they form endfeet (12, 25) . When axons get excited, their energy demand and local ionic concentrations will change and demands for inactivating transmitters will emerge. Then the activities of the processes may change by receptor-mediated Ins(1,4,5)P3-induced Ca2+ signaling (1) and possibly by the activation of the diacylglycerol/protein kinase C pathway (39 
